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B−B mixing involves three physical parameters: the magnitudes of the off-diagonal elements of the mass and
decay matrices and their relative phase. They are related to the mass and width differences between the mass
eigenstates and to the CP asymmetry in flavour-specific decays, afs. Introducing a new operator basis I present
new, more precise theory predictions for the width differences in the Bs and Bd systems: in the Standard Model
one finds ∆Γs = 0.088± 0.017 ps
−1 and ∆Γd = (26.7
+5.8
−6.5) · 10
−4 ps−1. Updates of the mass differences ∆Md and
∆Ms and of a
d
fs and a
s
fs are also presented. Then I discuss how various present and future measurements can be
combined to constrain new physics. The extraction of a new CP phase φ∆s from data on a
s
fs also profits from our
new operator basis. Confronting our new formulae with DØ data we find that sinφ∆s deviates from zero by 2σ.
1. B−B mixing basics
Loop-induced b → s transitions are currently
receiving much attention from experiment and
theory. Present data leave room for new physics
with sources of flavour beyond the Cabibbo-
Kobayashi-Maskawa (CKM) mechanism [1] of the
Standard Model (SM). For example, an extra
contribution to b → sqq, q = u, d, s, decay
amplitudes with a new CP phase can alleviate
the ∼ 2.6σ discrepancy between the measured
mixing-induced CP asymmetries in these b → s
penguin modes and the Standard Model predic-
tion [2]. If this new contribution involves b and
s quarks with the same chirality, no tension with
the well-measured b → sγ branching fraction oc-
curs. Supersymmetric grand-unified models can
naturally accommodate such new b → s ampli-
tudes [3]: right-handed quarks reside in the same
quintuplets of SU(5) as left-handed neutrinos, so
that the large atmospheric neutrino mixing angle
could well affect squark-gluino mediated b → s
transitions [4]. Obviously Bs−Bs mixing plays
an important role in the search for new physics
in b → s FCNC’s. In this talk I present an up-
date of the theory predictions of the physics ob-
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servables related to Bs−Bs mixing. Since the
formalism equally applies to Bd−Bd mixing, the
corresponding quantities for the Bd system are
also presented. The presented results are derived
with the use of a novel operator basis, which leads
to a better precision of the theory predictions.
Details can be found in [5].
Bq − Bq oscillations are governed by a
Schro¨dinger equation
i
d
dt
(
|Bq(t)〉
|Bq(t)〉
)
=
(
M q −
i
2
Γq
)(
|Bq(t)〉
|Bq(t)〉
)
(1)
with the mass matrix M q and the decay matrix
Γq and q = d or q = s. The physical eigenstates
|BH〉 and |BL〉 with the massesM
q
H , M
q
L and the
decay rates ΓqH , Γ
q
L are obtained by diagonalizing
M q − iΓq/2. The Bq−Bq oscillations in Eq. (1)
involve the three physical quantities |M q12|, |Γ
q
12|
and the CP phase φq = arg(−M
q
12/Γ
q
12) (see e.g.
[6]). The mass and width differences between BL
and BH are related to these quantities as
∆Mq = M
q
H −M
q
L = 2 |M
q
12|, (2)
∆Γq = Γ
q
L − Γ
q
H = 2 |Γ
q
12| cosφq, (3)
up to numerically irrelevant corrections of order
m2b/M
2
W . ∆Mq simply equals the frequency of the
Bq−Bq oscillations. A third quantity providing
1
2independent information on the mixing problem
in Eq. (1) is
aqfs = Im
Γq12
M q12
=
|Γq12|
|M q12|
sinφq. (4)
aqfs is the CP asymmetry in flavour-specific Bq →
f decays and quantifies CP violation in mixing.
The standard way to measure aqfs uses Bq →
Xqℓ
+νℓ decays, so that a
q
fs is often called the
semileptonic CP asymmetry.
2. ∆Md and ∆Ms
In order to predict ∆Mq we need to compute
M q12. Key quantities entering M
q
12 are the CKM
element Vtq, the top mass mt and f
2
Bq
B, which
parameterises the matrix element
〈Bq|Q|Bq〉 =
8
3
M2Bq f
2
Bq
B (5)
of the four-quark operator (α, β = 1, 2, 3 are
colour indices):
Q = qαγµ(1− γ5)bα qβγ
µ(1− γ5)bβ. (6)
While the decay constants fBd and fBs differ
numerically, no non-perturbative computation of
the bag factorB has shown a significant difference
for Bd and Bs mesons.
Updating ∆Mq computed in [7] to m
pole
t =
171.4 ± 2.1GeV [8], which corresponds to
mt(mt) = 163.8 ± 2.0GeV in the MS scheme,
gives
∆MSMd = (0.53± 0.02) ps
−1
(
|Vtd|
0.0082
)2
·
(
fBd
200MeV
)2
B
0.85
∆MSMs = (19.3± 0.6) ps
−1
(
|Vts|
0.0405
)2
·
(
fBs
240MeV
)2
B
0.85
(7)
B in Eq. (7) and all other bag factors appearing
in this talk are evaluated in the MS scheme at
the scale µ = mb. The frequently used scheme-
invariant bag paramter B̂ is larger than B by
a factor of 1.5. Both ∆Md and ∆Ms are well-
measured. Here we concentrate on the phe-
nomenological impact of this year’s discovery of
Bs−Bs mixing and the precise measurement of
∆Ms [9]:
17 ps−1 ≤ ∆Ms ≤ 21 ps
−1 @90%CL (DØ)
∆Ms = 17.77± 0.10± 0.07 ps
−1 (CDF). (8)
|Vcb| = 0.0415 ± 0.0010 determines |Vts| =
0.0405 ± 0.0010, so that CKM uncertainties are
not an issue for ∆Ms. However, non-perturbative
computations of fBs and B still cover a wide
range. The ballpark of results from lattice QCD
[10] and QCD sum rules [11] is represented by
fBs = 240± 40MeV and B = 0.85± 0.06, which
implies
∆MSMs = (19.30± 6.68) ps
−1 (9)
3. ∆Γd and ∆Γs
In order to predict ∆Γq we need to com-
pute Γq12. There are two important differences
compared to M q12: first, Γ
q
12 involves an opera-
tor product expansion at the scale mb, so that
one faces two expansion parameters, Λ/mb and
αs(mb), where Λ ∼ (MBq − mb) is the relevant
hadronic scale of the problem. Second, even in
the leading order of Λ/mb the prediction of Γ
q
12 in-
volves two operators. In addition to Q in Eq. (6)
one encounters
QS = qα(1 + γ5)bα qβ(1 + γ5)bβ , (10)
which involves a new bag parameter B′S in the
range B′S = 1.34 ± 0.12 [10]. Γ
q
12 is known to
next-to-leading-order (NLO) in both Λ/mb [12]
and αs(mb) [13–15]. With current values of the
input parameters (most relevant are mb(mb) =
4.22 ± 0.08GeV, mc(mc) = 1.30 ± 0.05GeV and
αs(MZ) = 0.1189 ± 0.0010), the result of [13] is
updated to
∆Γolds = (0.070± 0.042) ps
−1 (11)
∆Γolds is pathological in several aspects: both the
Λ/mb and αs corrections are large and negative,
which limits the accuracy in Eq. (11). Further
∆Γolds is dominated by the matrix element of QS ,
3so that hadronic uncertainties do not cancel in
the ratio ∆Γolds /∆Ms ∝ B
′
S/B.
When computing the leading contribution to
Γq12, one first encounters a third operator,
Q˜S = qα(1 + γ5)bβ qβ(1 + γ5)bα. (12)
Subsequently Q˜S is traded for
R0 ≡ QS + α1Q˜S +
1
2
α2Q, (13)
which belongs to the sub-leading order in Λ/mb.
α1 and α2 are QCD factors [5, 13, 15]. Writing
〈Bs|Q˜S |Bs〉 =
1
3
M2Bs f
2
Bs
B˜′S , (14)
a lattice computation finds B˜′S = 1.41±0.12 [16].
With this result we find the matrix element of Q˜S
roughly five times smaller than that of QS , which
involves an overall factor of –5/3 instead of 1/3 in
Eq. (14). We propose to use Eq. (13) to eliminate
QS from the operator basis, so that the leading
term of the operator product expansion involves
Q and Q˜S . This change of basis reshuffles the ex-
pansions in both Λ/mb and αs(mb). Since terms
of order αs(mb) · Λ/mb have not been calculated
yet, the central value of our prediction for ∆Γs
changes within the error bar of the previous pre-
dictions in [13,14]. In our new basis we find that
all pathologies vanish: the Λ/mb and αs(mb) cor-
rections have shrunk to their natural sizes and
∆Γs is now dominated by the matrix element of
Q:
∆ΓSMs =
(
fBs
240MeV
)2 [
(0.105± 0.016)B
+(0.024± 0.004)B˜′S − 0.027
]
ps−1(15)
The ratio ∆Γs/∆Ms is now almost free from
hadronic uncertainties. Inserting the numerical
ranges for B and B˜′S quoted before Eq. (9) and
after Eq. (14) yields:
∆ΓSMs
∆MSMs
= (49.7± 9.4) · 10−4. (16)
The progress due to the change of the opera-
tor basis is depicted in Fig. 1. Using the CDF
measurement of ∆Ms in Eq. (8) we predict from
Eq. (16):
∆ΓSMs = 0.088± 0.017 ps
−1
∆ΓSMs
Γs
= 0.127± 0.024 . (17)
Here Γs is the average width of the two Bs mass
eigenstates and the theoretical relation Γs =
1/τBd(1 + O(0.01)) has been used. Any ex-
perimental violation of Eq. (17) will signal new
physics in either ∆Ms or ∆Γs. The correspond-
ing results for the Bd system are
∆ΓSMd
∆MSMd
=
(
52.6
+11.5
−12.8
)
· 10−4
∆ΓSMd =
(
26.7
+5.8
−6.5
)
· 10−4 ps−1
∆ΓSMd
ΓSMd
=
(
40.9
+8.9
−9.9
)
· 10−4, (18)
where ∆M expd = 0.507 ± 0.004 ps
−1 and τexpBd =
1.530± 0.009 has been used.
4. ad
fs
, as
fs
, φs and φd
The CP asymmetries in flavour-specific decays
are typically measured using semileptonic decays.
No tagging is required, aqfs can be found by simply
counting positively and negatively charged lep-
tons. It may be worthwile to study the time evo-
lution of the untagged sample [17],
Γ[
( )
Bq → X
−ℓ+νℓ, t] − Γ[
( )
Bq → X
+ℓ−νℓ, t]
Γ[
( )
Bq → X−ℓ+νℓ, t] + Γ[
( )
Bq → X+ℓ−νℓ, t]
=
aqfs
2
[
1−
cos(∆Mq t)
cosh (∆Γq t/2)
]
, (19)
as it may help to reject fake effects from detec-
tion asymmetries and to separate the Bd and Bs
samples in hadron collider experiments through
∆Md 6= ∆Ms. Further, the time evolution of any
(tagged or untagged) decay ofBq mesons contains
information on aqfs [17], which might be useful to
add statistics in the determination of adfs at B fac-
tories.
Our new operator basis does not improve the
Standard Model prediction of aqfs over the one in
4[14, 15]. With up-to-date input parameters we
find
aSM,sfs = (2.06± 0.57) · 10
−5,
aSM,dfs =
(
−4.8
+1.0
−1.2
)
· 10−4. (20)
adfs depends on CKM parameters. The quoted
value uses β = 23◦ ± 2◦ for the angle of the uni-
tarity triangle measured in Bd → J/ψKS and
Rt = 0.86 ± 0.11 for the side of the triangle ad-
jacent to β and opposite to γ. The value of Rt
ignores any input from ∆Md/∆Ms, since our fo-
cus is on potential new physics in Bs−Bs mix-
ing. Our predictions in Eq. (20) correspond to
the following values of the CP phases appearing
in Eq. (4):
φSMd = −0.091
+0.026
−0.038 = −5.2
◦
+1.5◦
−2.1◦
φSMs = (4.2± 1.4) · 10
−3 = 0.24◦ ± 0.08◦(21)
5. ∆Γs, ∆Γs/∆Ms and a
s
fs beyond the SM
Looking beyond the Standard Model we now
allow for a new CP phase φ∆s which adds to
the Standard Model value in Eq. (21). Then
asfs not only depends on ImΓ
s
12/M
s
12, but also on
ReΓs12/M
s
12, which we can predict in a much bet-
ter way with our new operator basis. We param-
eterise the effect of new physics (similarly to [18])
by
M s12 ≡ M
SM,s
12 ·∆s , ∆s ≡ |∆s|e
iφ∆s . (22)
Then one easily finds
∆Ms = ∆M
SM
s |∆s|
= (19.30± 6.74) ps−1 · |∆s| ,
∆Γs = 2|Γ
s
12| cos
(
φSMs + φ
∆
s
)
= (0.096± 0.039) ps−1 · cos
(
φSMs + φ
∆
s
)
∆Γs
∆Ms
=
|Γs12|
|MSM,s12 |
·
cos
(
φSMs + φ
∆
s
)
|∆s|
= (4.97± 0.94) · 10−3 ·
cos
(
φSMs + φ
∆
s
)
|∆s|
asfs =
|Γs12|
|MSM,s12 |
·
sin
(
φSMs + φ
∆
s
)
|∆s|
(23)
= (4.97± 0.94) · 10−3 ·
sin
(
φSMs + φ
∆
s
)
|∆s|
.
A further source of information on the phase φ∆s
is the angular distribution of the decay
( )
Bs →
J/ψφ, which contains a CP-odd term [19,20]. Re-
cently, the DØ collaboration found φ∆s − 2βs =
−0.79±0.56±0.01 (and mirror solutions in other
quadrants of the complex ∆s plane) from this
analysis [21]. Here βs = 0.020 ± 0.005 = 1.1
◦ ±
0.3◦ is the relevant combination of CKM phases.
Combining all available experimental information
with our new theory predictions (see [5] for de-
tails) gives the constraints depicted in Fig. 2. Set-
ting |∆s| to its Standard Model value |∆s| = 1 we
find with the data from [21] and [22]:
sin(φ∆s − 2βs) = −0.77± 0.04(th) ± 0.34(exp),
which deviates from the Standard Model value
sin(−2βs) = −0.04 ± 0.01 by 2 standard devia-
tions.
6. Conclusions
We have improved the theoretical prediction
of Re Γq12/M
q
12 (with q = d or q = s) by intro-
ducing a new operator basis. This quantity en-
ters the predictions of the width difference ∆Γq
in the Bq−Bq system and the prediction of the
CP asymmetry in flavour-specific decays, aqfs, in
scenarios of physics beyond the Standard Model.
Applying our formulae to DØ data we find that
the Bs−Bs mixing phase deviates from the Stan-
dard Model value by 2σ. While this is not sta-
tistically significant, it shows that current exper-
iments are reaching the sensitivity to probe any
new physics entering the Bs−Bs mixing phase.
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7Figure 1. Uncertainty budget for ∆Γs/∆Ms. The largest uncertainties stem from the renormalisation
scale µ1 of the ∆B = 1 operators and the bag parameter BR˜2
= 1.0± 0.5 of one of the 1/mb–suppressed
operators. BR0 = 1.0 ± 0.5 is the bag parameter of R0 in Eq. (13) and z = m
2
c/m
2
b . The transparent
segment of the right pie chart shows the improvement with respect to the old result on the left.
Figure 2. Current experimental bounds in the complex ∆s-plane. The bound from ∆Ms is the red (dark-
grey) annulus around the origin. The bound from |∆Γs|/∆Ms corresponds to the yellow (light-grey)
region and the bound from asfs is given by the light-blue (grey) region. The angle φ
∆
s can be extracted
from |∆Γs| (solid lines) with a four–fold ambiguity — each of the four regions is bounded by a solid ray
and the x-axis — or from the angular analysis in Bs → J/Ψφ (dashed line). (No mirror solutions from
discrete ambiguities are shown for the latter.) The current experimental situation shows a 2σ deviation
from the Standard Model case ∆s = 1.
